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EXECUTIVE SUMMARY

The application of composites in space structures, such as reusable launch vehicles
(RLVs), requires a detailed understanding of their mechanical behavior and damage resistance in
the service environment. Experimental and analytical studies were conducted on IM7/977-3, a
toughened graphite/epoxy, to characterize the influence of cryogenic service temperatures on the
strength, modulus, and fracture of this material system, and on transverse crack initiation in
cross-ply laminates at 23, -129, and -196°C. Transverse tensile and shear strengths and moduli
increased at the cryogenic test temperatures while strain to failure decreased, denoting increased
brittleness. The stress for the onset of transverse cracking decreased substantially at cryogenic
temperatures, due primarily to an increase in the curing residual stresses. Laminated plate
theory, in conjunction with maximum stress criteria, appears to overestimate the onset of the

transverse cracking in this laminate.



1. INTRODUCTION

Advanced polymer composites are being explored for structural applications at extremely
low temperatures — for example, in large cryogenic fuel tanks on NASA’s RLV and on the U.S.
Air Force’s Space Operations Vehicle //]. Exposure to these cryogenic temperatures can cause
transverse microcracking in these composites due to thermal residual stresses that arise from the
anisotropy in the composite ply coefficient of thermal expansion (CTE). Transverse cracking
often results in a reduction in laminate stiffness and strength and changes in laminate CTE, and
provides a pathway for the ingress of moisture or corrosive chemicals; in cryotanks, transverse
cracking can cause leakage of the pressurized liquid fuel. Very little work has been reported in
the technical literature /2-4] on the mechanical performance of and damage development in
polymer composites at cryogenic temperatures. The main objective of this work was to
understand the mechanical behavior and damage processes in composites at cryogenic
temperatures, and to develop a predictive capability for the onset of transverse cracking in
composite laminates subjected to isolated or combined thermal and mechanical loads. The
material system investigated was a carbon fiber-reinforced toughened epoxy composite,
IM7/977-3. The thermomechanical properties required for the analysis were obtained from tests
on [0lgr, [90]gr, and [+45], ¢ laminates. These laminates were tested at a number of temperatures,
ranging from ambient down to -196°C, using a custom-built cryogenic chamber installed on a
mechanical test machine. Cross-ply laminates were wsed to experimentally determine the onset
of transverse cracking under isolated or combined mechanical and thermal loads. Transverse
cracking was detected from acoustic emission and incremental loading and unloading, and
confirmed from microscopic examination of polished specimen edges. Ply stresses were

calculated for the corresponding conditions from laminated plate theory, using the appropriate



experimentally generated thermomechanical properties and the applied load. The maximum
stress failure theory was applied to predict failure. Analytical predictions were then compared
with experimental results at temperatures of 23, -129, and -196°C, and the results are reported

here.



2. EXPERIMENTAL
2.1 Thermomechanical Characterization

The material system used in this study was a carbon fiber-reinforced toughened epoxy,
IM7/977-3, supplied as a unitape prepreg by the manufacturer. Unidirectional ([O]gt and [90]s1)
and multidirectional ([+45],s and [0,/90,]s) laminates were fabricated in an autoclave in
accordance with the manufacturer’s recommended cure cycle. Cured composite panels were
postcured for seven hours at 232°C in an oven. The [0]st, [90]sr and [+45],5 laminates were
used to characterize this composite material at cryogenic temperatures and provide the
thermomechanical properties required for analytical calculation. The [0,/90,]s laminate was
used to investigate transverse crack initiation in this composite system at cryogenic temperatures.
Rectangular coupons were sectioned from the panels using a diamond-impregnated saw blade.
All [0]sT specimens, as well as all specimens tested at -196°C, were 1.25 cm wide with a gage
length of 10 cm due to size limitations imposed by the test fixture. All the remaining specimens
had a width of 2.5 cm. Fiberglass/epoxy end-tabs were bonded to [O]gr and [+45],5 specimens
tested at 23 and -129°C; no end-tabs were used for specimens tested at -196°C. An axial strain
gage was used to determine the elastic modulus and strain to failure at all test temperatures.

A special mechanical grip (17.8 kN load capacity) was designed and built for tests at
cryogenic temperatures. The clamping face of each grip was coated using a Surfalloy process to
enhance the gripping action without damaging the specimen surface by grip force. This grip can
accommodate specimens with a width up to 1.25 cm. All specimens were tested on an MTS test
machine using a commercial temperature chamber for tests at -129°C and a stainless-steel
container, designed and built in- house, for tests at liquid nitrogen temperature (-196°C).

Specimens, mounted on the test machine, were cooled to the desired test temperature by



immersion in liquid nitrogen in the insulated stainless-steel container and allowed to equilibrate

for 20 minutes. They were then loaded in tension at a strain rate of 0.02/min.

2.2 Coefficient of Thermal Expansion

Composite CTEs were measured using strain gages, in conjunction with a computer-
controlled temperature chamber and data acquisition system, continuously over the temperature
range of 149 to -129°C, and then immersed in liquid nitrogen (-196°C) and liquid helium (-269°C)
to record thermal strains at the corresponding temperatures. Ultralow-expansion titanium silicate
was used as the reference material for comp letion of the strain gage bridge circuit. The details of

this technique of CTE measurement using strain gages may be found elsewhere /5/.

2.3 Fracture Toughness

Mode I double cantilever beam (DCB) tests and Mode II end notch flexure (ENF) tests
were conducted to assess the interlaminar fracture properties under cryogenic temperatures.

Tests were conducted at room temperature and liquid nitrogen temperatures (-196°C). The Mode
I and Mode 1II test methodology and data reduction techniques are well documented in the
literature and by other organizations (for example, /6,7/).

Panels of unidirectional tape carbon/epoxy Cytec IM7/977-3 were fabricated and
autoclave processed according to the established manufacturer’s procedures. The panels were
laid up with a stacking sequence of [0]4r. Additionally, Kapton inserts were implanted along
the midplane of the plates, near the edge of the panels, to later serve as crack initiators.
Specimens were then fabricated for both DCB testing for Mode I interlaminar fracture toughness,
as well as ENF testing for Mode II interlaminar fracture toughness. The room temperature tests

were conducted in an ambient lab environment at a displacement rate of 0.02 mm/sec. At room



temperature the crack length was monitored using optical magnification of the specimen edges.
For the cryogenic testing, the specimen was submerged in liquid nitrogen (using a specially
fabricated stainless-steel tub) for a minimum of 10 minutes prior to starting each test. In these
tests the crack length could not be monitored optically as before. Therefore, at each estimated
12.7-mm increment of crack growth, the test was stopped and the load removed. The cryogen
was allowed to evaporate, and then the specimen was removed from the fixture and the actual
crack length measured and noted. This process was then repeated four or five times for each
specimen.

The ENF test was adopted for the measurement of Mode II critical energy release rate.
Again, standard test procedures were used, including the introduction of a Mode I precrack by
wedging the specimen open 2.54 mm past the Kapton insert. A loading rate of 0.04 mm/sec. was
used, and a compliance calibration of the test specimen was performed by running tests of
specimens of various crack lengths (actually accomplished by sliding the specimen a fixed
amount and rerunning the test using the same specimen). Typically, specimens were loaded until
failure occurred, resulting in a rapid load drop and the extension of the initial crack to near the
center of the specimen. Typically, five specimens of each material and condition were tested. In
several instances only four specimens were available for tests.
2.4 Onset of Microcracking

The edges of the [0,/90,]s specimens were first ground with sandpaper and then polished
with 5-micron and 1-micron polishing powder to enhance microscopic imaging for crack
detection. Prior to testing, all specimen edges were examined under a microscope to determine if
specimen sectioning and handling induced any damage. No damage was observed in any

specimen prior to testing. Acoustic emission was employed to detect the onset of microcracking



in tests conducted under ambient conditions. When a sudden acoustic emission event was
observed, the specimen was unloaded and examined under a microscope to confirm the presence
of transverse cracking. Figure 1 shows the acoustic emission record for a specimen tested at

23°C, indicating the occurrence of transverse cracking.
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Figure 1. Acoustic Emission Record for [0,/90;]s Laminate at 23°C.

It should be noted that no other acoustic events were recorded in Figure 1, indicating no
ambient noise during the test. The use of acoustic emission to detect microcracking was
unsuccessful at -129°C, because of relatively high background noise, and at -196°C because of
limitations of the transducer. Transverse crack initiation was therefore determined by
microscopic examination of the polished specimen free edges after a series of incremental
loading and unloading experiments. In this procedure a specimen is loaded to a stress level
slightly lower than that at which microcracking is expected, then unloaded and the free edges
examined in a microscope. If no microcracks are observed, the specimen is reloaded to a stress
incrementally higher than before, unloaded, and examined again. This procedure is repeated
until the first crack is observed, which is usually accomplished in two to five iterations. The

average value of the last two consecutive loads is then used to compute the stress required to



initiate transverse cracking. With this procedure the error in the computed stress for crack

initiation is less than five percent.



3. RESULTS
3.1 Strength and Modulus
The results of composite modulus and strength measurements are summarized in Table 1.

Table 1
Variation of Strength and Modulus at Various Temperatures

Temperature Strength Coefficient of Modulus
Laminate °C MPa Variation, % GPa
Longitudinal 23 2,599 4.2 180
[OJer -129 2,425 101 183
-196 X X X
Transverse 23 66.1 6.7 9.8
[90]er -129 76.3 221 13.0
-196 94.6 56 13.2
Shear 23 113.3 56 6.1
[#45hs -129 130.5 341 8.1
-196 1321 54 9.2

There is a considerable variation in modulus and strength, especially in matrix-dominated
directions, over the temperature range of 23 to -196°C. The longitudinal modulus, from [OJgr
specimens, did not change in the temperature range, but longitudinal strength decreased by seven
percent at -129°C. Both moduli and strengths for the [90]gT and [+45],5 orientations increase
significantly at the lower test temperatures, as seen in Table 1. Analysis of the fracture modes
indicated increasingly brittle failure at the lower temperatures. Figures 2 and 3 show

photographs of failed [90]r and [+45],s specimens tested at 23 and -196°C.

23°C \ -196°C

Figure 2. Photograph Showing Failure of [90]gr Laminate.



23°C -196°C

Figure 3. Photograph Showing Failure of [t45],5 Laminate.

Multiple failures were observed in some [90]st specimens at -129 and -196°C, whereas
each specimen tested at 23°C exhibited a single failure. The failure modes of the [+45],¢
specimens also clearly showed the increased brittleness at -196°C.

The longitudinal stress-strain curves at 23 and -129°C, shown in Figure 4, are linear and
practically coincide. The transverse stress-strain curves for the test temperatures 23, -129, and
-196°C, shown in Figure 5, indicate an increase in modulus at lower temperatures. The stress-
strain behavior of the [+45],s laminate shows a wide range of nonlinearity over the range of test
temperatures; the nonlinearity gradually decreases with test temperature until the plot is almost

linear (up to failure) at the lowest temperature as shown in Figure 6.
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3.2 Coefficient of Thermal Expansion

The coefficient of thermal expansion (CTE) for the material system was determined from
the measured thermal strains using the strain gage technique. Figures 7 and 8 show the
longitudinal and transverse thermal strains as function of temperatures, respectively.

Both longitudinal and transverse thermal strains show some degree of nonlinear behavior
in the extreme temperatures. Since we are interested in calculating the residual stresses in the
interested ply within a laminate, the CTEs were determined on the basis of the strain difference

between cure and interested temperatures. Table 2 shows the longitudinal CTE, o, and

transverse CTE, o.r, determined.
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Table 2
CTE as a Function of Temperature
Temperature, °C
23 -129 -196
oL, 10°°C 0.18 0.17 0.15
or, 10°°C 23.4 22.1 19.8
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Figure 9 shows the thermal strain versus temperatures for the [0,/90,]s laminate. The
CTEs determined for this sample are also indicated in this figure. L and T in Figure 9 represent
longitudinal and transverse directions with respect to the fiber direction of the surface layer,
respectively. Both specimens, designated 1 and 2, show a greater CTE in the transverse direction
than in the longitudinal direction. The calculated CTE value of this laminate using the laminated
plate theory and unidirectional CTEs is 2.0x10°°/°C, which is intermediate between the measured

longitudinal and transverse values for both specimens.
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Figure 9. Thermal Strain versus Temperature for [05/90;]s.

3.3 Fracture Toughness
Test data for the DCB specimens were reduced using two techniques: the compliance
calibration method and the area method /6-7/. The compliance calibration technique essentially
uses the changing specimen compliance in the dC/da term of the fracture equation:
G = (P?/2b) 9C/0a, (1)
where G is the Mode I critical energy release rate, P is the load at failure, b is the specimen
width, a is the crack length, and C is the specimen compliance given by the following:

C=39/p, (2)

13



where 0 is the specimen displacement at the point of load application. It can be noted that the
compliance method used in the DCB test data reduction utilizes the curve-fitted actual
compliance change in each specimen tested. The area method simply utilizes the area in the
load-displacement curve as the energy used in creating a crack increment of known measured
length

Data reduction in the ENF tests similarly uses Equations (1) and (2), with the exception
that the compliance change term dC/da is developed subsequent to the actual fracture tests. In
addition, a compliance curve was developed for both material types under each of the two
temperature conditions, resulting in four compliance calibration curves.

The test results are depicted in Figures 10 and 11. Figure 10 depicts the Mode I DCB
results for IM7/977-3 at both room temperature and -196°C. Note that the Mode I energy release
rate, Gy, is plotted as a function of crack length. This was done to determine if a dependency of
Gic on crack length existed, such as might be the case if significant fiber bridging were to occur.
As can be seen in the figure, the G, values for both the room temperature and -196°C cases are
fairly constant with respect to crack length. The room temperature tests indicate a Gic of
approximately 219 J/nt, while the -196°C tests show a drop in Gy to 131 J/m?.

The Mode II results for Gy in IM7/977-3 are shown in Figure 11. Note that the room
temperature results show very little scatter and a level of Gy, of approximately 753 J/nt. In
contrast, the results at -196°C indicate a drop in Mode II toughness, with an overall level of
about 630J/nt" and more scatter than the room temperature data.

An examination of the fracture surfaces indicated a possible reason for the loss in G, for
the 977-3 at the cold condition. Other changes in toughness values, both G and Gy, were

inconclusive.

14
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Figure 10. Mode | Critical Energy Release Rate for IM7/977-3 at Room Temperature. Data reduced
using the compliance method (left) and area method (right).
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Figure 11. Mode Hl Critical Energy Release Rate for IM7/977-3 at Room Temperature (left) and
-196°C (right).
34 Onset of Transverse Cracking
All of the transverse cracks observed on the specimen edge extended through the entire
thickness of the 90° plies, as shown in Figure 12. There was a one-to-one mapping of cracks on
both edges of the same specimen, suggesting that these transverse cracks traversed the full

specimen width.
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23°C -196°C
Figure 12. Transverse Cracks in [0,/90;]s Laminate.

In specimens tested at -196°C, a slanted partial crack was also observed near the major
transverse crack (Figure 12); this damage was not observed in specimens tested at 23 and
-129°C. The stress in the 90° plies of the [0,/90,]s laminate, at the onset of transverse cracking,
was calculated from the applied stress using classical laminated plate theory for comparison with
the transverse strength obtained from tensile tests on [90]st specimens. The curing residual
stress, taking into account the influence of water absorbed under ambient storage conditions, was
calculated with the assumption of a stress- free temperature of 163°C (cure temperature 177°C).
The moisture content of the composite, absorbed during storage between fabrication and testing,
was determined to be 0.15 percent. Table 3 shows the 90° ply stresses calculated for the
[02/90,]s laminate at the onset of transverse cracking, and the measured composite transverse
strength.

The total stress represents the stress calculated from the laminate stress (applied load) at
the onset of transverse cracking and the curing residual stress. It can be seen that the predictions,
based on a maximum stress failure criterion from lamination theory, are considerably

overestimated especially for tests conducted at -129°C. A number of factors such as the

16



Table 3

Calculated 90° Ply Stress and Strength

Curing Residual

Mechanical Stress @

Temperature Stress Cracking Load Total Stress 90° Ply Strength
°C MPa MPa MPa MPa
23 17.8 60.4 78.2 74.5
-129 45.6 52.3 97.9 83.4
-196 60.3 51.8 112.1 97.3

constraining effect of neighboring plies, ply thickness, inadequacy of the failure criteria,

inaccuracies in the estimation of residual stress, insufficient data on transverse strengths and

stress for the onset of transverse crack initiation may contribute to the discrepancy between

prediction and experiment. A fracture mechanics approach, which accounts for some of the

above factors, is currently being explored using analytical models /8-9/ in conjunction with

additional experimental data.
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4. CONCLUSIONS

Experimental and analytical studies were conducted to determine the influence of

cryogenic temperatures on the strength and modulus of IM7/977-3, a graphite-toughened epoxy

composite, and the initiation of transverse cracking in cross-ply laminates. Based on the results,

the following conclusions are drawn:

1.

Transverse tensile and shear strengths and moduli increased at lower temperatures while
strain to failure decreased (indicating increased brittleness).

The nonlinearity of the shear stress-strain curve decreased significantly at lower
temperatures.

The stress level at the onset of transverse cracking decreased significantly at lower
temperatures, mainly due to an increase in the curing residual stresses. Residual stress relief
due to absorbed moisture was taken into account.

The Mode I fracture toughness significantly decreased at -196°C, and the Mode 11 results
indicated a measurable drop at -196°C.

Lamination theory in conjunction with the maximum stress failure criterion tends to
overestimate the onset of the transverse cracking in this laminate.

The strain gage technique is an easy and accurate means of measuring composite CTE at
cryogenic temperatures.

Specimen alignment, especially for transverse loading, is critical due to specimen

embrittlement at cryogenic temperatures.
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CTE

DCB

ENF

MTS

PMC

LIST OF ACRONYMS

Coefficient of thermal expansion
Double cantilever beam

End notch flexure

Materials Testing Systems
Polymer matrix composite

Reusable launch vehicle
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